Inbreeding depression is one of the leading factors preventing the evolution of self-fertilization in plants. In populations where self-fertilization evolves, theory suggests that natural selection against partially recessive deleterious alleles will reduce inbreeding depression. The purpose of this study was to evaluate this hypothesis by comparing the magnitude of inbreeding depression in self-incompatible and self-compatible populations of Leavenworthia alabamica. Within-population crosses were conducted to compare the quantity and quality of offspring produced by outcrossing and selffertilization. These progeny were grown in a common greenhouse and inbreeding depression was measured in germination, survival, biomass, transition rate to flowering, flower number, petal length, pollen grains/anther, pollen viability, and ovule number. In comparison to outcrossing, self-fertilization led to the production of fewer and smaller seeds within self-incompatible populations. Moreover, inbreeding depression was observed in eight of 11 offspring traits within self-incompatible populations of L. alabamica. In contrast, there was significant inbreeding depression only in flower number within self-compatible populations. The results of this study are consistent with the idea that selffertilization selectively removes partially recessive deleterious alleles causing inbreeding depression in natural plant populations. However, in plant species such as L. alabamica where self-compatibility may evolve in small populations following long-distance dispersal, declines in inbreeding depression may also be facilitated by genetic drift. Heredity (2005) 94, 159-165.
Introduction
Self-fertilization has an innate transmission advantage that should lead to the elimination of cross-fertilization because selfing individuals pass on an extra copy of their chromosomes through seeds (Fisher, 1941) . However, the initial spread of genes for self-fertilization can be halted by inbreeding depression, or the lowered viability and fecundity of selfed plants (Lloyd, 1979; Lande and Schemske, 1985; Charlesworth et al, 1990; Jarne and Charlesworth, 1993) . Genetic models have explored the conditions favoring the spread of genes for self-fertilization in cross-fertilizing populations. In general, rates of self-fertilization will increase in populations whenever selfed plants are at least half as fit as outcrossed plants, if genetic associations between fitness loci and selfing-rate modifier loci are not considered (Lande and Schemske, 1985; Campbell, 1986; Charlesworth et al, 1990; Uyenoyama and Waller, 1991a, b; Lloyd, 1992) .
Evidence suggests that inbreeding depression is caused mainly by the expression of partially recessive deleterious alleles in the homozygous state (Dudash and Carr, 1998; Charlesworth and Charlesworth, 1999; Willis, 1999) . The evolution of self-fertilization should lower the equilibrium frequency of lethal and sublethal mutations that are nearly recessive because these alleles are exposed to natural selection in the homozygous state (Lande and Schemske, 1985; Charlesworth et al, 1990; Byers and Waller, 1999) . This hypothesis has been tested by forcibly self-fertilizing naturally outcrossing families of plants for several generations (Barrett and Charlesworth, 1990; Carr and Dudash, 1997; Dudash et al, 1997; Willis, 1999) or by comparing populations or lineages of plants that have divergent rates of selffertilization in natural populations (Holtsford and Ellstrand, 1990; Carr and Dudash, 1996; Johnston and Schoen, 1996; Fishman, 2001; Takebayashi and Delph, 2001) . Results of these studies suggest that inbreeding depression may be reduced by self-fertilization, although purging may not always occur in response to periods of inbreeding (Byers and Waller, 1999) .
Leavenworthia alabamica is an ideal species in which to test the idea that self-fertilization reduces inbreeding depression in natural plant populations (Lloyd, 1965) . In this species, there is variation among populations in the prevalence of self-incompatibility. In particular, selfincompatibility predominates at the center of the species range and self-compatibility occurs in smaller populations at the border of the species range (Lloyd, 1965) . Individuals within self-compatible populations produce smaller flowers, have lower pollen to ovule ratios, and produce a greater proportion of fruit through autonomous self-fertilization (Lloyd, 1965 ; Busch, unpublished data). There is likely to have been a history of natural selection in these populations to circumvent the ancestral sporophytic self-incompatibility reaction found throughout the Brassicaceae and the genus Leavenworthia (Lloyd, 1967; Bateman, 1955) . The purpose of this experiment was to test the hypothesis that the evolution of selfcompatibility in L. alabamica is associated with reductions in the genetic load causing inbreeding depression.
Methods
Study system L. alabamica Rollins (Alabama glade cress; Brassicaceae) is a winter annual endemic to the limestone cedar glades of the Moulton Valley in northern Alabama (Rollins, 1963) . These cedar glades are typified by exposed and slowly eroding beds of limestone that are covered with a thin and moist layer of soil (Baskin et al, 1995) . Seed germination occurs in the late fall following a long period of summer desiccation required to break dormancy. Flowering occurs from early March until the middle of April. Seeds mature within siliques on maternal plants in the early summer. There is likely to be limited pollen dispersal between populations because of the short flight distances of native pollinators (Andrena spp. and Halictus ligatus) and the relatively large distances between cedar glades. Seed dispersal is greatly limited because seeds are passively dispersed following maturation. Nevertheless, the most likely form of gene flow between populations is thought to occur following the dispersal of seeds by rare flooding events (Lloyd, 1965) .
Seed collection and growth of parental plants Attempts were made during the spring of 2002 to locate the naturally occurring populations described by Lloyd (1965) . Populations with high rates of autonomous selffertilization, small petal size, and low pollen number should have long histories of inbreeding (Byers and Waller, 1999 Lloyd, 1965) . The populations used in this study were sampled from the entire species range of L. alabamica and represent all of the known variation in inbreeding. Approximately two siliques (6-26 seeds) were collected from 50 randomly chosen maternal plants in each of the 10 populations and placed in single envelopes. However, in the very small Russellville population, seeds were only collected from 25 maternal plants in order to assure that my efforts did not drive this isolated population closer to extinction. These seeds were later grown in a greenhouse and used as parents in a crossing design.
Seed envelopes were placed in a 301C oven for 5 days and then stored at 221C for 1 month to break seed dormancy. Seeds from each maternal family were placed on 4.25 cm diameter filter paper and placed within small Petri plates. These dishes were maintained in an incubator with 14 h days (151C) and 10 h nights (121C), and were moistened daily with 3 ml of autoclaved water. These plants were then grown in a common greenhouse to minimize any potential environmental maternal and paternal effects that would influence the offspring performance. Seedlings were transplanted into 3 in. pots containing a 1:1 ratio of MetroMix (Scotts-Sierra Horticultural Products, Marysville, OH, USA) and sterilized soil following the emergence of both cotyledons. Plants received 14 h of artificial light in the Indiana University greenhouse to promote flowering.
Crossing design and greenhouse experiment Plants were used as parents in a crossing design to quantify the fitness effects of outcrossing and selfing. Outcrossed and selfed offspring were generated by outcrossing and forcibly self-fertilizing plants in all populations, respectively. Outcrossed offspring were produced by using randomly chosen pollen donors from within populations. To successfully produce selfed offspring, it was necessary to circumvent the self-incompatibility system active in some populations through budpollination. By forcing styles to accept pollen before flowers open, bud-pollinations allow self pollen tubes to evade detection by maternal style proteins that normally inhibit the germination of related pollen grains after flowers have opened (Bateman, 1955) . Bud-pollinations were used in all crosses to ensure that flower damage would not be responsible for the reduced performance of self-fertilized offspring (Cabin et al, 1996) . Overall, a total of 435 families were generated by outcrossing and selfing.
Each morning, flowers with visible petal emarginations were chosen for bud-pollinations. All of the sepals, petals, and anthers were then removed with forceps from the bud of the ovule parent. Pollen parents were selected haphazardly, with the restriction that each plant was used as a pollen donor no more than three times. Following pollen transfer, the date of bud-pollination and the identity of the pollen donor were recorded for each flower. Marked fruits were allowed to mature for 1 month and were then collected for storage. These seeds were put in envelopes, placed in a 301C oven for 1 week, and then stored at 221C for 3 months to ensure that seeds broke their natural dormancy. The number of seeds produced by outcrossing and self-fertilization were counted and weighed to the nearest 0.001 mg.
Families of seeds from each cross combination were given a random number to ensure that biases could not influence the measurement of performance traits. Seeds were germinated during March of 2003 as described for parental plants. Dates of germination were recorded on a daily basis within all families. When germination rates stopped increasing within families, seedlings were selected for transplantation. To avoid potential biases in selection of plants, the three most centrally located seedlings within a Petri plate were chosen, although there were often less than three germinated seeds in a family. In such situations, every seedling was transplanted. Seedlings were placed in 3 in. pots containing a 1:1 mixture of MetroMix and sterilized soil. Plants were watered twice daily and received more than 14 h of natural light to promote flowering.
Survival was recorded daily while plants matured in the greenhouse. The date of flowering was recorded as the day when the first flower opened on a plant. Days to flowering were measured as the number of days between germination and the opening of the first flower. The few plants that failed to successfully make the transition from the vegetative rosette to flowering were recorded as producing zero flowers. The number of flowers produced in the first 2 weeks of the flowering period was recorded for all individuals. Flowers were removed on a daily basis to ensure they were not counted more than once. At the end of the first month of flowering, the aboveground biomass of plants was harvested, excluding flowers and fruits. Plants were placed in envelopes, dried in a 601C oven for 2 weeks, and weighed to the nearest 0.001 g.
All floral traits were measured on the third flower produced by plants. Petal length was measured with digital calipers to the nearest 0.01 mm. Pollen was collected in two ways to determine the quantity and quality of male gametes. Pollen was collected in the morning immediately following anther dehiscence. One of the four paired anthers was placed in a vial for pollen counting, while another was used for viability estimation. The number of pollen grains was estimated by using the Elzone 280 r automated particle counter. Pollen viability was estimated through the use of Alexander's stain, which colors viable pollen grains red while leaving inviable pollen grains blue (Kearns and Inouye, 1993) . Viability scores were carried out by tapping single anthers onto plain glass slides three times to release adequate pollen grains. Using a medicine dropper, about 10 ml of Alexander's stain was added to the slide and a cover slip was placed over the sample. Samples were then briefly warmed over a Bunsen burner flame to catalyze the coloring of viable pollen grains. Counts of inviable and viable pollen grains were performed using a light microscope. For each sample, at least several hundred pollen grains were counted to ensure that this trait was accurately measured. Female gametes were measured by cutting open the pistil with a dissecting needle and counting the number of enlarged ovules under a dissecting microscope.
Estimates of lifetime male and female fitness
The values for traits measured on all the individuals of a family were combined to generate family averages. Although many traits describe aspects of phenotype (eg biomass), some traits are direct components of survival and reproduction (eg flower number). It is possible to combine these traits to generate estimates of lifetime male and female fitness for families (eg Willis, 1999) . Male gamete production was calculated as follows: (germination rate) Â (survival rate) Â (flower number) Â (pollen number/anther) Â (% pollen viability). As a consequence, this composite value estimates the number of viable pollen grains produced, on average, over the lifetime of a plant. In a similar fashion, estimates of female gamete production were obtained for plants: (germination rate) Â (survival rate) Â (flower number) Â (ovule number/flower). This value is a measure of the number of ovules produced over the lifetime of a plant.
Inbreeding depression estimates
There was often inadequate germination within families and populations of both types of progeny (ie outcrossed and selfed) to accurately estimate lineage or populationspecific measures of inbreeding depression. However, it was possible to pool populations according to their mating system to determine the effect of long-term inbreeding on fitness. Therefore, outcrossed (w o ) and selfed (w s ) averages for all traits were pooled within self-incompatible and self-compatible populations, respectively. Inbreeding depression was calculated as 1À(w s /w o ) when selfed offspring had lower trait values than outcrossed progeny. In contrast, inbreeding depression was calculated as (w s /w i )À1 when trait values of selfed plants exceeded that of outcrossed individuals (Agren and Schemske, 1993) . In all cases except for the trait 'days to flowering,' larger values translate into greater levels of performance. For this trait, longer times to flowering translate into fewer reproductive opportunities within natural populations (O'Neil, 1997). Consequently, values of this trait were inversely transformed to produce estimates of 'transition rate to flowering.' This transformed trait describes the rate at which plants make the transition from the vegetative to the reproductive state.
Predictions and analyses
Self-fertilization should strongly influence inbreeding depression because it exposes a greater fraction of partially recessive deleterious alleles to natural selection in the homozygous state. Therefore, there are two a priori predictions for the magnitude of inbreeding depression observed in populations: (1) self-incompatible populations should have inbreeding depression for most traits; and (2) self-compatible populations should have relatively low levels of inbreeding depression because deleterious alleles have been purged by natural selection. Consequently, I evaluated the null hypothesis of no difference between outcrossed and selfed trait averages independently within these two types of populations using planned comparisons (Sokal and Rohlf, 1995) . The means of outcrossed and selfed trait averages were computed and compared using t-tests with one-sided significance tests. Although most traits were normally distributed, several traits had to be analyzed using nonparametric methods because of their highly skewed distributions towards lower values. In particular, comparisons of outcrossed and selfed means for germination rate, survival rate, lifetime male fitness, and lifetime female fitness were conducted using Mann-Whitney U test for difference in rank location (Sokal and Rohlf, 1995) . As for the parametric tests, the null hypotheses were evaluated with one-sided tests of significance. Analyses were conducted in SPSS (version 11.5; Norusis, 2000) .
Results
Within self-incompatible populations, self-fertilized seeds were smaller (mass ¼ 1.22 mg) compared to outcrossed seeds (mass ¼ 1.34 mg; Table 1 ). Self-fertilization also led to the production of 48% fewer seeds in these populations (Table 1) . Self-incompatible populations exhibited significant inbreeding depression in germination rate, biomass, flower number, petal length, pollen viability, and lifetime male and female fitness (Figure 1 ; Tables 2 and 3 ). There was also marginally significant inbreeding depression for survival rate in these popula-tions (t ¼ 1.535; df ¼ 150; P ¼ 0.063). Inbreeding depression values were positive for all traits with the exception of pollen grains/flower, which was slightly negative (d ¼ À0.02; Table 2 ). There were large amounts of inbreeding depression in both male and female fitness (d ¼ 0.54). The only traits for which there was no significant inbreeding depression in self-incompatible populations were transition rate to flowering, pollen number per anther, and ovule number per flower.
There were no significant differences in the size or number of seeds produced by outcrossing or selffertilization in self-compatible populations (Table 1) All crosses were conducted by using bud pollinations. N represents the number of outcrossed and selfed families used in analyses. Asterisks denote significant differences between selfed and outcrossed seeds (*Po0.05; ***Po0.001).
Inbreeding depression in Leavenworthia JW Busch df ¼ 112; P ¼ 0.058; Table 2 ). Of the remaining 10 traits, observed inbreeding depression values were positive for petal length, pollen viability, ovule number per flower, and estimates of male and female fitness (0.01odo0.15). In contrast, germination rate, survival rate, biomass, flowering rate, and pollen number per anther exhibited slightly negative values of inbreeding depression (À0.02odoÀ0.01; Table 2 ).
Discussion
Reductions in the quantity and quality of inbred offspring may prevent the evolution of self-fertilization in self-incompatible populations of L. alabamica. In these populations, 48% fewer seeds were produced by selffertilization (Table 1) , and there was significant inbreeding depression for eight of the 11 traits ( Table 2 ). The relatively large 54% declines in male and female fitness caused by self-fertilization are consistent with the idea that inbreeding depression may generate and maintain genetically controlled self-incompatibility systems in plants (Charlesworth and Charlesworth, 1979; Lande and Schemske, 1985; Charlesworth, 1988; Lloyd, 1992) . In contrast, inbreeding depression was detected for only a single trait in self-compatible populations (Table 2) . These results are consistent with a body of data suggesting that self-fertilization purges the genome of strongly deleterious, nearly recessive mutations (Barrett and Charlesworth, 1990; Johnston and Schoen, 1996; Carr and Dudash, 1997; Dudash et al, 1997; Willis, 1999) . The fact that inbreeding depression for flower number is present in self-compatible populations is also consistent with the idea that purging should preferentially occur for traits expressed early in life (Husband and Schemske, 1996) . In L. alabamica, the large values of inbreeding depression observed within the large and self-incompatible populations at the center of the species range may help counteract the transmission advantage enjoyed by rare self-compatible genotypes (Charlesworth and Charlesworth, 1979; Uyenoyama et al, 1993) . Interestingly, natural selection favoring the transmission of selfcompatible genotypes may be enhanced by the benefits of reproductive assurance in populations at the border of the species range (Barrett et al, 1989; Johnston, 1998; Fausto et al, 2001; Fishman, 2001) . In particular, previous work has shown that the appearance of self-compatibility within L. alabamica is often associated with smaller and more marginal glade sites that receive fewer visits by native pollinators (Lloyd, 1965; Solbrig and Rollins, 1977) . In these environments where opportunities for cross-fertilization may be limited, self-compatible genotypes may have been favored because of their ability to produce seed autonomously (Baker, 1955 (Baker, , 1967 Lloyd, 1979; Barrett et al, 1989; Burd, 1994; Goodwillie, 2001) . If reproductive assurance has favored the evolution of selfcompatibility at the border of the species range in L. alabamica, then reductions in inbreeding depression may likely be caused by the selective removal of partially recessive deleterious alleles in these environments.
Reduced inbreeding depression within self-compatible populations is also consistent with the action of genetic drift in small and/or frequently bottlenecked populations (Wang et al, 1999; Bataillon and Kirkpatrick, 2000; Kirkpatrick and Jame, 2000) . If the alleles causing inbreeding depression are strongly deleterious, they will be maintained at extremely low frequencies by natural selection, and thus may be easily lost by drift in effectively small populations that undergo long-distance dispersal or recurrent extinction-recolonization (Barrett et al, 1989; Richards, 2000) . In L. alabamica, self-compatible populations may have been established by rare long-distance seed dispersal, and field observations suggest that self-compatible populations go extinct at higher rates (Lloyd, 1965 ; Busch, personal observation). Consequently, it is likely that both natural selection and genetic drift reduce inbreeding depression in the selfcompatible populations of L. alabamica, although the results of this study cannot determine which force has played a more significant role (Dudash and Carr, 2003) . Nevertheless, genetic drift has been repeatedly implicated as a major force responsible for reductions in the number of selectively neutral polymorphisms within self-fertilizing populations (Schoen and Brown, 1991; Hamrick and Godt, 1996; Charlesworth, 2003) . A previous study measured inbreeding depression within highly self-compatible populations of the species L. uniflora and L. crassa (Rollins, 1963; Charlesworth et al, 1994) . Comparisons between outrossed and selfed progeny in these species suggested a high level of inbreeding depression. In particular, there were 30-41 and 27-49% reductions in total lifetime fitness caused by self-fertilization in L. uniflora and L. crassa, respectively. These levels of inbreeding depression are similar to those observed within the self-incompatible populations of L. alabamica, although they are much higher than those observed within self-compatible populations of this species ( Table 2 ). The fact that L. uniflora and L. crassa have higher genetic loads compared to the self-compatible populations of L. alabamica may suggest that selffertilization influences inbreeding depression to different extents in closely related plant species (Byers and Waller, 1999) .
Alternatively, larger estimates of inbreeding depression within the more highly self-fertilizing species L. uniflora and L. crassa may be the result of differences in the harshness of experimental conditions between studies (Charlesworth et al, 1994) . In particular, inbreeding depression was measured within a competitive environment in the experiments with L. uniflora and L. crassa, which generally increases the differences in performance between outcrossed and selfed progeny (Dudash, 1990; Wolfe, 1993; Charlesworth et al, 1994) . In light of the ecologically similar habitats experienced by the extant species of Leavenworthia (Rollins, 1963; Lyons and Antonovics, 1991) , this issue may be addressed by measuring inbreeding depression in natural populations of self-incompatible and self-compatible taxa. Estimates of inbreeding depression taken from natural populations are required in this and other model systems in order to further understand the effect of deleterious genetic variation on the evolution of plant mating systems (Barrett and Harder, 1996; Byers and Waller, 1999) .
